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Arabidopsis thalianaa b s t r a c t
Nitric oxide (NO) production in plant peroxisomes by L-arginine-dependent NO synthase activity has
been proven. The PEX5 and PEX7 PTS receptors, which recognize PTS1- and PTS2-containing pro-
teins, are localized in the cytosol. Using AtPex5p and AtPex7p knockdown in Arabidopsis by RNA
interference (RNAi) designated as pex5i and pex7i, we found that the L-arginine-dependent protein
responsible for NO generation in peroxisomes appears to be imported through an N-terminal PTS2.
Pharmacological analyzes using a calcium channel blocker and calmodulin (CaM) antagonist show
that the import of the peroxisomal NOS protein also depends on calcium and calmodulin.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Nitric oxide (NO) is a free radical messenger with a broad spec-
trum of regulatory functions in many physiological and pathologi-
cal processes in higher plants [1–5]. At subcellular level, NO has
been reported to be generated in different cell types and compart-
ments including peroxisomes, chloroplasts, mitochondria and
cytosol [6–11]. However, identiﬁcation of the protein responsible
for L-arginine-dependent NO production is still an open question
even though supporting evidence has been found [12] which
includes the identiﬁcation of a gene which codiﬁed for a putative
NOS protein in a green alga that showed a 40% identity with animal
NOSs [13].
Peroxisomes are single membrane-bounded subcellular organ-
elles with an essentially oxidative type of metabolism and a simple
morphology that does not mirror the complexity of their enzy-
matic composition. They harbour variable metabolic pathways that
differ depending on cell type, developmental stage and environ-
mental conditions [6,14]. In higher plants, previous data have dem-
onstrated that peroxisomes have an active NO metabolism giventhe presence of L-arginine-dependent NOS activity in pea peroxi-
somes [15], NO modulation during senescence [16], salinity [17]
and cadmium stress [18] as well as the peroxisomal localization
of other NO-derived molecules such as S-nitrosoglutathione [19]
and peroxynitrite [18]. As peroxisomes do not have DNA, all its
proteins are nuclear-encoded. There are two principal signals that
direct proteins into peroxisomes found at the C-terminus (peroxi-
somal targeting signal type 1 or PTS1) and N-terminus (peroxi-
somal targeting signal type 2 or PTS2) of the protein [20–22].
Peroxins (PEX) are peroxisomal biogenesis factors encoded by
PEX genes, some of which are involved in matrix protein transport
[23]. Previously, it has been shown that peroxins PEX12 and PEX13
appear to be involved in transporting the putative NOS protein to
peroxisomes, as pex12 and pex13 mutants, which are defective in
PTS1- and PTS2-dependent protein transport to peroxisomes, reg-
istered lower NO content [17]. PEX5p and PEX7p are cytosolic
receptors for PTS1 and PTS2, respectively, and form a receptor–
cargo complex in the cytosol during transport to peroxisomes
[24–27]. Using Arabidopsis knockdown mutants obtained by RNA
interference (RNAi) AtPex5p (pex5i) and AtPex7p (pex7i) [24], the
aim of the present study is to analyze the potential involvement
of PEX5 and/or PEX7 in the import of the peroxisomal protein
involved in NO generation in plants.
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2.1. Plant material and growth conditions
Arabidopsis thaliana Columbia wild-type and mutants express-
ing GFP-PTS1 [28] were used as control plants. Constructs of trans-
genic plants and characterization of mutant AtPex5p expressing
GFP-PTS1 and mutant AtPex7p expressing PTS2-GFP knockdown
Arabidopsis by RNA interference (RNAi) designated as pex5i and
pex7i were characterized previously [24]. Seeds were surface-ster-
ilized for 5 min in 70% ethanol containing 0.1% SDS, then placed for
20 min in sterile water containing 20% bleach and 0.1% SDS and
washed four times in sterile water. The seeds were sown for 2 days
at 4 C in the dark for vernalization on the basal growth medium
composed of 4.32 g/l commercial Murashige and Skoog medium
(Sigma) with a pH of 5.5, containing 1% sucrose and 0.8% phyto-
agar. The Arabidopsis seeds were then grown on Petri dishes in
the dark at 22 C for 5 days for the pex5i and pex7i mutants and
at 16 h light/8 h dark (long-day conditions) under a light intensity
of 100 lE m2 s1 for the GFP-PTS1 mutants.
2.2. Detection of NO in mutants expressing GFP-PTS1 or PTS2-GFP
using confocal laser scanning microscopy (CLSM)
Nitric oxide was detected using ﬂuorescent reagent diamino-
rhodamine-4M acetoxymethyl ester (DAR-AM AM, Calbiochem).
Arabidopsis seedlings were incubated at 25 C for 1 h in darkness
with 5 lM DAR-AM AM prepared in 100 mM potassium phosphate
buffer (pH 7.4) [17]. Each sample was then washed twice in the
same buffer for 15 min and mounted on a slide for examination
with a confocal laser scanning microscope (Leica TCS SL or Leica
TCS SP5 II). For green ﬂuorescent protein (GFP), the excitation laser
wavelength was 496 nm and emission of 515 with a 10-nm band
pass width (500–525 nm). For DAR-AM T, the excitation laser
wavelength was 543 nm and emission of 575 nm with a 40-nm
band pass width (570–600 nm). As control for DAR-AM AM as ﬂuo-
rescent probe to detect NO in peroxisomes, Supplemental Fig. 1
shows a highly magniﬁed image of root cells from Arabidopsis
wild-type plants, with red spherical spots resembling peroxisomes
inside the cells.
2.3. Pharmacological analyzes using calcium channel blocker
and calmodulin antagonist
Five-day-old Arabidopsis seedlings expressing GFP-PTS1 were
preincubated for 120 min at 25 C with either 1.5 mM CaCl2,
5 mM lanthanum chloride (LaCl3, a calcium channel blocker) [29]
or 300 lM triﬂuroperazine (TFP, a calmodulin antagonist) [30]
and then incubated with 5 lM DAR-AM AM for 1 h at 25 C to
detect and visualize NO using CLSM. In all cases, the images
obtained by CLSM from control and treated Arabidopsis seedlings
were kept constant during the course of the experiment in order
to produce comparable data. The images were processed and ana-
lyzed using statistical Leica confocal software.3. Results
3.1. Analysis of calcium and calmodulin in peroxisomal NO localization
Fig. 1A showed in vivo CLSM visualization of peroxisomes in the
root cells of transgenic arabidopsis plants expressing GFP-PTS1.
The peroxisomes appeared in the form of spherical spots (green
color). Fig. 1B illustrated the same ﬁeld analyzed using the DAR-
4M AM ﬂuorescence probe, which also enabled NO (red in color)
to be detected. Spherical spots (red) were found to have a patternidentical to that of GFP-PTS1 (Fig. 1C). Fig. 1D and E provided
images of an arabidopsis seedling root pre-incubated with
1.5 mM calcium. Fig. 1D displayed spherical spots (green color)
which correspond to peroxisomes and Fig. 1E showed the same
ﬁeld analyzed using DAR-4M AM (red color). Spherical spots
(red) were found to have a pattern similar to that of GFP-PTS1
(Fig. 1F). When these panels were compared to Fig. 1A and B, cal-
cium supplementation is seen to enable peroxisomes to be visual-
ized on an apparently larger scale but does not affect visualization
of NO generated for a putative NOS activity.
Arabidopsis seedlings were also pre-incubated with different
chemicals that have previously been reported to affect the calcium
metabolism which included 5 mM lanthanum chloride (LaCl3, a
calcium channel blocker) (Fig. 1G–I) and triﬂuroperazine (TFP, a
calmodulin antagonist) (Fig. 1J–L). When the effect of LaCl3 was
compared to the control samples (Fig. 1A–C), the calcium channel
blocker appeared to affect the visualization of GFP-PTS1 (Fig. 1H),
indicating that calcium possibly regulates peroxisomal protein
import and almost eliminates red ﬂuorescence corresponding to
the detection of NO. This suggests that the peroxisomal protein
responsible for NO generation was speciﬁcally affected by this
chemical which blocks calcium channels (Fig. 1G). On the other
hand, when roots treated with a calmodulin antagonist (Fig. 1J–
L) were compared with the control root (Fig. 1A to C), both green
(corresponding to peroxisomes) and red (corresponding to NO)
ﬂuorescence did not appear as spherical spots and the ﬂuorescence
can be seen on the periphery of the cells, indicating that the cal-
modulin antagonist affected GFP-PTS1 import including the perox-
isomal protein responsible for NO generation. To quantify the
effect of 5 mM LaCl3 on the import of GFP-PTS1, we determined
the ﬂuorescence intensity of GFP (green spots) for control Arabid-
opsis seedlings and those treated with 5 mM LaCl3. Fig. 2 illus-
trated that this calcium channel blocker signiﬁcantly reduced
(73%) the import of GFP-PTS1.
3.2. Analysis of pex5i/GFP-PTS1 and pex7i/PTS2-GFP Arabidopsis
mutants in peroxisomal NO localization
Previously, Hayashi et al. [24] have provided a full characteriza-
tion of each gene construct for pex5i and pex7iwhich were inserted
under the control of a constitutive 35S promoter from a cauliﬂower
mosaic virus in a Ti vector containing a hygromycin-resistant gene
as a selectable marker in plants. They were then integrated into the
genomes of two kanamycin-resistant transgenic plants, AtGFP-
PTS1 and AtPTS2-GFP, through Agrobacterium-mediated transfor-
mation [31]. The same authors showed that the absence of sucrose
in the growth medium signiﬁcantly affected the size of both pex5i/
GFP-PTS1 and pex7i/PTS2-GFP mutants, which were smaller in
comparison to the parental Arabidopsis plants expressing GFP-
PTS1 [24]. Both mutants were also affected by peroxisomal fatty
acid b-oxidation and were resistant to 2,4-diclrophenoxybutiric
acid [32]. On the other hand, under normal atmospheric conditions
(36 Pa CO2), both mutants were characterized by dwarf phenotype
with yellow/green leaves, indicating that the photorespiration
pathway was also affected [24]. To evaluate the type of peroxi-
somal targeting signal (PTS) present in the protein responsible
for NO generation in the peroxisomal matrix, these two Arabidop-
sis mutants, pex5i and pex7i, were used. The Arabidopsis pex5i
mutant was defective in the import of both PTS1- and PTS2-con-
taining proteins, and the pex7i mutant was defective in the import
of PTS2-containing proteins.
Fig. 3 show in vivo CLSM visualization of NO and peroxisomes in
the root of transgenic Arabidopsis seedlings expressing GFP through
the addition of PTS1 or PTS2. Fig. 3A illustrated in vivo CLSM visu-
alization of peroxisomes in the root cells of transgenic Arabidopsis


























Fig. 1. Representative images illustrating the CLSM in vivo detection of NO (red color) and peroxisomes (green color) in root of 5-d-old Arabidopsis mutant seedlings
expressing GFP-PTS1. A, D, G and J show peroxisome detection with GFP (excitation 495 nm; emission 515 nm). B, E, H, and K show NO detection (red color) with DAR-4M AM
(excitation 543 nm; emission 575 nm). C, F, I and L show the merged images of the corresponding panels. A–C, control seedlings without any treatment. D–F, seedlings
preincubated with 1.5 mM CaCl2. G–I, seedlings preincubated with 5 mM lanthanum chloride (LaCl3 a calcium channel blocker). J–L, seedling preincubated with
triﬂuroperazine (TFP, a calmodulin antagonist). Arrows indicate representative punctate spots corresponding to NO and peroxisome localization. Bar = 10 lm.
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somes appeared in the form of spherical green spots in the cells.
Fig. 3B represented the same ﬁeld, analyzed using DAR-4M AM
as a ﬂuorescence probe, which also enabled NO to be detected.
An intense red ﬂuorescence was found in the spherical spots with
a pattern identical to that of GFP-PTS1. Fig. 3C illustrated the
bright-ﬁeld image of the corresponding sample. Fig. 3D displayed
the CLSM visualization of pex5i/GFP-PTS1 in root cells, with, in this
case, the green ﬂuorescence being located at the periphery of the
cells that coincided with the cytosol surrounding the central vacu-
oles. Fig. 3E showed NO detection in this mutant, with the distribu-
tion of the ﬂuorescence being identical to that observed in Fig. 3D,
indicating that the protein responsible for NO generation was notimported into the peroxisomes. Fig. 3F represented the bright-ﬁeld
image of the corresponding panels. Fig. 3G exhibited the CLSM
visualization of pex7i/PTS2-GFP in root cells. The green ﬂuores-
cence was located at the periphery of the cells, which also coin-
cided with the cytosol surrounding the central vacuoles. Fig. 3H
established NO detection in this mutant, and the distribution of
the red ﬂuorescence was also identical to that observed in
Fig. 3G, indicating that the protein responsible for NO generation
was not imported into the peroxisomes. Fig. 3I represented the
bright-ﬁeld image of the corresponding sample.
Although, in theory, there is no overlap between the excitation/
emission wavelengths of GFP (excitation 495 nm; emission
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Fig. 2. Effect of 5 mM lanthanum chloride (LaCl3, a calcium channel blocker) in the
ﬂuorescence intensity of GFP (green spots) in root tips of 5-d-old Arabidopsis
seedlings expressing GFP-PTS1. The ﬂuorescence produced is expressed as Pixel
Sum lm-2 using Leica confocal software. Results are the means ± SEM obtained in
various root areas from ten different seedlings preincubated or not with 5 mM
LaCl3. Asterisks indicate that variations in relation to control values were signiﬁcant
at P < 0.05.
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trols were carried out to evaluate potential overlap at the experi-
mental level. Thus, all the transgenic Arabidopsis plants
expressing GFP-PTS1, pex5i expressing GFP-PTS1 and pex7i
expressing PTS2-GFP were observed using CLSM under both types
of conditions but in the absence of the ﬂuorescence probe for NO.













Fig. 3. Representative images illustrating the CLSM in vivo detection of NO (red color) an
(panels A–C), mutant pex5i (panels D–F) expressing GFP-PTS1 and pex7i (panels G–I) e
495 nm; emission 515 nm). B, E, and H show NO detection (red color) with DAR-4M AM
corresponding samples. Arrows indicate representative punctate spots corresponding toﬂuorescence in the root tips of transgenic Arabidopsis plants
expressing GFP-PTS1 (panels A to C), pex5i expressing GFP-PTS1
(panels D–F) and pex7i expressing PTS2-GFP (panels G–I). We con-
sequently observed green ﬂuorescence attributable to GFP (panels
A, D and G) under conditions of excitation and emission of 495 nm
and 515 nm, respectively. However, no ﬂuorescence was observed
under conditions of excitation and emission of 543 nm and
575 nm, respectively (panels B, E and H). Therefore, it could be con-
cluded that there is no experimental overlap between the two ﬂuo-
rescence probes used in these experiments.
4. Discussion
Nitric oxide is widely recognized as an outstanding signal mol-
ecule under physiological and stress conditions [1–3,5]. How and
where NO is produced in plant cells are important questions to
be studied in order to advance our knowledge of this radical mol-
ecule’s metabolism. In higher plants, previous studies have shown
that peroxisomes are compartments with the capacity to generate
both reactive oxygen species (ROS) and NO [6,33]. Thus, an initial
study using isolated pea leaf peroxisomes showed that these
organelles contain a L-arginine-dependent nitric oxide synthase
(NOS) activity immunorelated to animal NOS which require all
the co-factors needed for animal NOS activity including NADPH,
FAD, FMN, BH4, calmodulin and calcium [15]. Later, an inducible
nitric oxide synthase was also reported to be located in the peroxi-
somes of rat hepatocytes [34,35]. This supports the claim that NOS
activity could be an enzymatic component common to both plant








d peroxisomes (green color) in root of 5-d-old Arabidopsis seedlings of parent plants
xpressing PTS2-GFP. A, D, and G show peroxisome detection with GFP (excitation
(excitation 543 nm; emission 575 nm). C, F, and I show the bright-ﬁeld image of the
NO and peroxisome localization.














Fig. 4. Simplify hypothetical model of the known elements involved in the
mechanism of import of the peroxisomal protein responsible of NO generation
into the peroxisome. CaM, calmodulin. NOS, nitric oxide synthase. PEX5, pexosin 5.
PEX7, pexosin 7. PEX12, pexosin 12.
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that pea peroxisomes produce NO which is down regulated during
the natural senescence of leaves [16]. Furthermore, peroxisomal
NO has also been shown to be important in other plant species
and processes such as pollen tube growth [36], auxin-induced root
organogenesis [37] as well participation in the mechanism of
response to abiotic stress conditions such as salinity [17] or cad-
mium [18]. More recently, in Arabidopsis peroxisomes, it has been
demonstrated that peroxins PEX12 and PEX13, which are peroxi-
somal membrane proteins that participate in the import of the per-
oxisomal matrix [14,28], were involved in transporting the
putative NOS protein to peroxisomes, as pex12 and pex13 mutants,
which are defective in PTS1- and PTS2-dependent protein trans-
port to peroxisomes, showed lower NO content. Consequently,
the aim of this study is to gain a deeper understanding of the
peroxisomal protein responsible for NO generation and thus to
determine whether this peroxisomal protein is imported into
peroxisomes throughout PTS1 or PTS2.
The Arabidopsis pex5i mutant exhibits defects in relation to the
import of both PTS-1 and PTS2-containing proteins, whereas the
pex7i mutant appeared to be defective in terms of importing
PTS2-containing proteins [24]. However, it has recently been
established that the import of the PTS2 cargo into plant peroxi-
somes requires not only PTS2 receptor PEX7 but also PTS1 receptor
PEX5 [24,38–42]. Our ﬁndings suggest that the plant peroxisomal
protein responsible for NO generation must contain PTS2. This is
based in two factors: (i) in pex5i mutants defective in terms of
the import of GFP–PTS1, the red ﬂuorescence resulting from NO
generation for NOS protein activity does not appear in peroxi-
somes; (ii) also, in pex7i mutants defective in terms of the import
of PTS2-GFP but with the capacity to import protein with PTS1 as
PEX5 is unaffected in this mutant, red ﬂuorescence resulting from
NO generation for NOS protein activity is not observed into peroxi-
somes. These ﬁndings are in line with a recent study which proves
that the peroxisomal isoform of iNOS present in rat hepatocytes is
also imported by PTS2 [43]. These data suggest that both plants
and animals contain a similar mechanism for importing the protein
responsible for NO generation into peroxisomes.
Calcium (Ca2+) is a secondary messenger in many signal trans-
duction pathways in plants although very little information exists
on calcium signalling in peroxisomes [44]. Previous data have
demonstrated that peroxisomal NOS activity assayed by L-[3H] cit-
rulline production depends on calcium, as pre-incubation with a
calcium chelator (EGTA) inhibited activity by 73% [15]. This cal-
cium-dependent NO production was corroborated by an alterna-
tive technique which assayed the NO production of peroxisomal
NOS activity using ozone chemiluminescence [16] and by the
reduction in NO detected by the ﬂuorescent probe DAR-4M AM
in Arabidopsis mutants expressing GFP-PTS1 pre-incubated with
EGTA [17]. However, our ﬁndings provide additional information
as the calcium channel blocker (LaCl3) appears to affect the protein
import of peroxisomal proteins and consequently the protein
responsible for peroxisomal NO production. Calmodulin (CaM) is
a ubiquitous transducer of Ca2+ signals in eukaryotic cells.
Although plant CaM has been regarded as a cytosolic protein, it
is now reported to be present in other cell compartments including
plant peroxisomes [42]. The peroxisomal CaM is necessary for the
activation of catalase [45] and has also been shown to participate
in the proteolytic processing of peroxisomal proteins by PTS2 after
these proteins are in the peroxisomal matrix [46,47]. Based on a
previous model of peroxisomal import systems [26], Fig. 4 shows
a straightforward hypothetical model which summarizes the com-
ponents known to be speciﬁcally involved in importing the perox-
isomal protein responsible for NO generation. Thus, the putative
peroxisomal plant NOS contains PTS2. This PTS2-NOS can interact
with the PEX5–PEX7 complex, two cytosolic receptors which canalso interact with PTS1-containing proteins. The PEX5–PEX7–
PTS2-NOS complex is transferred to PEX12, a peroxisomal mem-
brane protein which enables PTS2-NOS to be imported to the
peroxisomal matrix that requires CaM and calcium. The PTS2-
NOS will then be processed by peroxisomal proteases present in
the matrix [48–50]. Subsequently, the L-arginine-dependent NOS
can generate NO which requires NAPDH, calcium and CaM.
In summary, our ﬁndings provide new insights into the mecha-
nism involved in importing the peroxisomal protein responsible
for NO generation in plants which appears to have a type 2
(PTS2) peroxisomal targeting signal that requires both calcium
and CaM. Further studies will be necessary to determine the iden-
tity of this peroxisomal NOS in higher plants.
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